Gold nanoparticles (Au NPs) have been widely employed in catalysis. Here, we report on the synthesis and catalytic evaluation of a hybrid material composed of Au NPs deposited at the surface of magnetic cobalt ferrite (CoFe 2 O 4 ). Our reported approach enabled the synthesis of well-defined Au/CoFe 2 O 4 NPs. The Au NPs were uniformly deposited at the surface of the support, displayed spherical shape, and were monodisperse in size. Their catalytic performance was investigated towards the reduction of 4nitrophenol and the selective oxidation of dimethylphenylsilane to dimethylphenylsilanol. The material was active towards both transformations. In addition, the LSPR excitation in Au NPs could be employed to enhance the catalytic performance, which was demonstrated in the 4-nitrophenol reduction. Finally, the magnetic support allowed for the easy recovery and reuse of the Au/CoFe 2 O 4 NPs. In this case, our data showed that no significant loss of performance took place even after 10 reaction cycles in the oxidation of dimethylphenylsilane to dimethylphenylsilanol. Overall, our results indicate that Au/CoFe 2 O 4 are interesting systems for catalytic applications merging high performances, recovery and re-use, and enhancement of activities under solar light illumination.
Introduction
Green chemistry is a key aspect to ensure sustainable development and manufacturing strategies. 1 Catalysts composed of nanoparticles (NPs) contribute to the design of cleaner chemical processes with reduced environmental impact. 2 In this framework, nano-engineered catalysts represent a promising avenue to enhanced catalytic activity and selectivity in chemical processes. 3 Hybrid nanocomposite materials combine individual properties and synergistically enhance catalytic characteristics leading to multifunctional catalysts. 4 The use of metal/ metal oxide nanocomposites is promising since it can overcome the barriers to implementation of pure metal nanoparticle catalysts such as enhanced mechanical and chemical stability, increased catalytic activity due to support effects, and may diminish undesired catalyst inhibition. [5] [6] [7] In addition to catalytic properties, metallic nanoparticles such as gold (Au) can be excited under light irradiation of certain wavelengths due to localized surface plasmon resonance (LSPR). Excitation of the LSPR in plasmonic nanoparticles can accelerate and control molecular transformations. 8 When the frequency of an incident electromagnetic wave matches that of the oscillation of conduction electrons, the creation of energetic charge carriers are induced on the surface that can participate to enhance the rates of molecular transformations (e.g. charge transfer or excitation processes). 8, 9 It has been observed that synergies between metallic and plasmonic catalysis resulted in light-driven enhanced catalytic processes. 10, 11 In this context, excellent opportunities arise for application of hybrid nanocomposites composed of Au with magnetic oxides in catalysis. 12 Au nanoparticles supported on magnetic oxides may serve to avoid suspension aggregation and catalytic deactivation. 13, 14 Meanwhile, the surface coating of magnetic nanoparticles precludes the agglomeration of superparamagnetic nanoparticles enhancing their dispersion in solution. 15, 16 In addition, the magnetic properties facilitate nanocatalyst recovery by the application of an external magnetic eld. 16 This noticeable reduces the operational expenditures and allows, at least in principle, an easy reuse of the catalyst.
The main implementation barrier of hybrid nanocatalyst arises from their complex synthesis, 17, 18 the non-uniform decoration of metallic nanoparticles 19, 20 and recycling. 21 In this paper, a novel green synthesis approach to hybrid magnetic nanocomposite catalyst based on Au NPs decorated on cobalt ferrite (CoFe 2 O 4 ) is reported. The syntheses of both nanoparticles and their composite were conducted under mild conditions and using water as solvent. The use of CoFe 2 O 4 as stable magnetic substrate enhances catalyst stability and enables reusability aer magnetic recovery for several cycles. Homogeneous distribution of Au NPs over the CoFe 2 O 4 magnetic support was obtained due to the successful functionalization of the surface through silanization, which is not attained by conventional in situ synthesis procedures. Then, the catalytic activity was evaluated towards the reduction of 4nitrophenol to 4-aminophenol and the selective oxidation of dimethylphenylsilane to dimethylphenylsilanol. Moreover, plasmonic enhanced catalysis was observed under visible light irradiation due to the LSPR excitation of Au NPs. Magnetic recovery and reuse of catalyst indicated great reliability and stability of the produced nanocomposite. Our results indicate that nanocatalysts present dual functionality for reduction and oxidation processes, its performance can be enhanced by visible-light illumination, and the magnetic component facilitates recovery from the reaction medium.
Experimental methods

Chemicals
Catalytic activity on reduction reaction was evaluated from the transformation of 4-nitrophenol (p-NP, 99%) supplied by Sigma-Aldrich. Selective oxidation catalysis was evaluated from the oxidation of dimethyl(phenyl)silane (C 8 H 12 Si, 98%) supplied by Sigma-Aldrich. Magnetic cobalt ferrite was synthesized using ACS reagent quality iron(II) chloride anhydrous and cobalt chloride hexa-hydrated purchased from Sigma-Aldrich and Merck, respectively. Gold nanoparticles were synthesized using tetrachloroauric(III) acid trihydrate (HAuCl 4 $3H 2 O, $99%) supplied by Sigma-Aldrich. Other chemicals used in nanosynthesis processes such as trisodium citrate di-hydrate, tannic acid, potassium carbonate, methylamine (40% w/w), (3aminopropyl)triethoxysilane (APTES), and sodium dodecyl sulfate (SDS) were of analytical grade supplied by Sigma-Aldrich and Merck. Reductant agent sodium borohydride was supplied by Merck. All solutions were prepared with ultrapure water obtained from a Millipore Milli-Q system with resistivity > 18.2 MU cm at 25 C.
Catalyst synthesis
Magnetic catalyst core of CoFe 2 O 4 was synthesized following previous report. 22 Briey, 5 mL of 1 mM FeCl 2 solution and 5 mL of 0.5 mM CoCl 2 acidic solutions at pH 1.5 adjusted with HCl are added to 18 mL of 4.5 mM SDS solution under continuous magnetic stirring at 25 C for 30 min. This ensures a Fe : Co molar ratio of 2 : 1 in the micellar solution. Temperature is increased to 80 C and 1.8 mL of methylamine solution 8.3 M added to the reactor, which quickly modies solution coloration to green. Aer 7-10 min solution becomes brownish due to CoFe 2 O 4 crystallization. Reaction is kept under continuous stirring at 80 C for 3 h. Nanoparticles were separated using a magnetic eld and washed with a 5% NH 3 solution and ultrapure water.
Size-controlled synthesis of sub-10 nanometer gold particles were synthesized following a kinetically controlled seededgrowth strategy. 23 The use of traces of tannic acid in excess of sodium citrate during gold nucleation allows the formation of size-controlled gold nanoparticles. Stabilization solution was prepared by adding 100 mL of 2.5 mM tannic acid solution was added to 150 mL of 2.2 mM sodium citrate solution in 1.0 mM potassium carbonate prior heating up to 70 C. Then, dropwise addition of 1.4 mL of 18 mM tetrachloroauric(III) acid solution promoted the nucleation of gold nanoparticles obtaining a reddish-orange solution characteristic of nano-gold colloidal suspensions.
Pristine CoFe 2 O 4 nanoparticles were decorated with Au NPs. The metal oxide CoFe 2 O 4 nanoparticles were functionalized with APTES to enhance coordination of gold nanoparticles to their surface. Nanoparticles of CoFe 2 O 4 (50 mg) were dispersed in 110 mL of ethanol, then 10 mL of APTES solution was added to the suspension. The mixture was sonicated for 10 min under inert atmosphere prior adding 10 mL of 4.0 M acetic acid to attain ca. pH 6.0. Aer pH adjustment the reaction was kept at 75 C under mechanical stirring in reux for 12 h. Functionalized material was magnetically separated and washed with ethanol and ultrapure water. Then, the gold decorated cobalt ferrite nanocomposite catalyst (Au/CoFe 2 O 4 ) was obtained by dispersing 2 mg of APTES-functionalized CoFe 2 O 4 in 10 mL of colloidal Au nanoparticle suspension and stirred for 30 min. The Au/CoFe 2 O 4 was magnetically separated and washed with ultrapure water.
Analytical procedures and instruments
Scanning electron microscopy (SEM) images of the catalysts were obtained using a JEOL FEG-SEM JSM 6330F. SEM samples were prepared by drop-casting an aqueous suspension of the particles on a Si wafer, followed by drying under ambient conditions prior analysis. Crystallographic analyses were conducted by X-ray diffractometry (XRD) employing a Bruker D2 Phaser using Cu K a (l ¼ 1.5418Å) radiation source with an scanning window of 20-90 . The IR spectra were collected with an FT-IR spectrophotometer Bruker Alpha in transmittance mode within a wavenumber range of 400-4000 cm À1 . Size distribution of synthesized gold nanoparticles was determined by Dynamic Light Scattering (DLS) analyses using a ZetaSizer Nano ZS. Atomic percentage of gold was quantied through total reection X-ray uorescence (TXRF) using a S2-PICOFOX with internal standard. Chemical conversion of 4-nitrophenol to p-aminophenol was monitored by UV-vis analysis using an Shimadzu UV-2600 spectrophotometer. Oxidation of dimethylphenylsilane was evaluated from the concentration decay followed by gas chromatography mass spectroscopy (GC/MS) with a Shimadzu GCM-QP2010SE coupled to a RTx®-5MS fused silica capillary column using a temperature ramp of 1 C min À1 from 80 C up to 280 C. Plasmonic-enhanced catalysis experiments were carried out using a solar simulator lamp ORIEL of 100 mW cm À2 in the 315-750 nm range placed 5 cm over the catalytic reactor.
Results and discussion
Au/CoFe 2 O 4 catalyst characterization
The SEM images ( Fig. 1A) depict the spheroidal structure of the CoFe 2 O 4 magnetic NPs. They displayed an average diameter of 90 nm. Functionalization of the pristine nanoparticles with APTES did not modify the characteristic structure of CoFe 2 O 4 , whereas contributed to diminish agglomeration of nanoparticles ( Fig. 1B) . Fig. 1C Dynamic light scattering analysis of the suspension of Au nanoparticles led to an average size of 7 nm, which is in agreement with the SEM images.
The FTIR spectra for CoFe 2 O 4 is shown in Fig. 2a . It depicts an intense peak at 600 cm À1 characteristic of M-O stretching vibrations previously observed for the tetrahedral sites of cobalt ferrite. 24 Characteristic SDS characteristic stretching vibration signals corresponding to C-O at 2915 cm À1 , S]O at 2848 cm À1 , and C-H at 1220 cm À1 , were not observed. 25 The IR spectrum of CoFe 2 O 4 aer surface silanization with APTES depicts noticeable differences respect to the pristine surface. A quick comparison with FTIR spectra of APTES allows identifying the presence of intense peaks at 1100 cm À1 and 770 cm À1 corresponding to Si-O and Si-O-C, respectively. 26 Furthermore, two additional stretching vibration bands associated to N-C at 1390 cm À1 and C-H at 3000 cm À1 were observed. 27 These results suggest the successful functionalization of CoFe 2 O 4 , which agrees with the successful attachment of Au NPs observed in Fig. 1C and D.
The extinction UV-vis spectra of colloidal dispersions of Au NPs (Fig. 3 , green trace) depicted a band at 513 nm that corresponds to the dipole mode of LSPR excitation. 28 In contrast, absorbance bands were not observed in colloidal dispersions of CoFe 2 O 4 or modied APTES-CoFe 2 O 4 (Fig. 3 , black and blue traces). However, the Au nano-enabled composite Au/CoFe 2 O 4 catalyst presented a similar characteristic band than colloidal Au with a maximum at 526 nm ( Fig. 3, red trace) . This result demonstrate that the band observed in the composite is associated to the characteristic dipole mode of LSPR excitation of gold, which remains photoactive when attached by the APTES linker to the CoFe 2 O 4 surface. Fig. 4 shows the X-ray diffractograms of CoFe 2 O 4 and Au/ CoFe 2 O 4 . Both diffractograms depict characteristic peaks of crystallographic planes of iron spinels (220), (311), (400), (511), and (440); in agreement with the JCPDS cards (PDF 22-1086). These crystallographic planes are characteristic of other spinel structures. 29 These results demonstrate the synthesis of dened spinel crystalline structures of CoFe 2 O 4 and not the formation of amorphous oxides. Debye-Scherrer calculations allowed identifying a crystallite size of 15.42 nm for CoFe 2 O 4 . It is important to note that identical XRD diffractograms where observed for APTES functionalized CoFe 2 O 4 , which surface silanization did not modied the characteristic crystallographic Fig. 1 ).
Catalytic activity: reduction of 4-nitrophenol
The catalytic activity of the Au/CoFe 2 O 4 material with 2.72% mol Au was initially evaluated towards the reduction of 4-nitrophenol. Fig. 5A illustrates the characteristic UV-vis spectra of p-NP solutions with a maximum absorbance at 317 nm. 32 In presence of reductant NaBH 4 , the solution changes to a yellow coloration due to the deprotonation of the hydroxyl group yielding 4-nitrophenolate ions with a maximum absorbance at 405 nm. 33 Fig. 5A depicts the isosbestic point for 4-nitrophenol/ 4-nitrophenolate at 348 nm. Reduction of 4-nitrophenolate towards 4-aminophenol was not observed in absence of catalyst. This suggests that only with the presence of NaBH 4 the reduction reaction does not occur. However, a drastic decrease in the absorbance of the 405 nm band of 4-nitrophenolate was observed along with the formation and increase of 4-aminophenol absorption band at 300 nm, in the presence of the catalyst (see Fig. 5B ). 34 This result suggests the quick catalytic conversion mediated by Au/CoFe 2 O 4 that acts as a redox mediator for 4-nitrophenolate reduction with NaBH 4 . Aer this initial test, we then employed light excitation to investigate the effect of LSPR over the reaction rates. Fig. 6 shows the 4-nitrophenol reduction employing CoFe 2 O 4 and Au/ CoFe 2 O 4 as catalysts in the dark and under light excitation from a solar simulator in the 315-750 nm range. The use of pristine CoFe 2 O 4 as catalyst allowed attaining 94% conversion in 30 min aer an initial induction time of 6 min. 35 The induction time is not observed when the reduction reaction with CoFe 2 O 4 is conducted under light irradiation. However, similar total conversion of ca. 94% is attained aer 30 min of reaction. The pseudo-rst order rate constant (k) was calculated from the depletion kinetics of 4-nitrophenol aer the induction time. The k in the dark of 1.2 Â 10 À3 s À1 (R 2 ¼ 0.99) was slightly superior (ca. 1.4-fold) to the photo-assisted catalysis with a k of 8.2 Â 10 À4 s À1 (R 2 ¼ 0.91). This result agrees with the identical removal attained aer 30 min of reaction (cf. Fig. 6A ). It may be inferred that the light irradiation reduces the induction time in detrimental of the charge transfer kinetics.
Faster kinetics were described by the nanocomposite Au/ CoFe 2 O 4 catalyst with 2.72% mol Au due to the higher catalytic activity of Au NPs relative to CoFe 2 O 4 (see Fig. 6B ). Here, a complete conversion of 4-nitrophenol was achieved aer 20 min of reaction. Light irradiation enhances the catalytic response due to the synergetic effect between metallic and plasmonic catalysis. 36, 37 Note that complete conversion was attained in half of the reaction time with high selectivity towards 4-aminophenol. Here, the plasmonic enhancement is well-represented by the acceleration of the conversion kinetics by the values of the kinetic rate constants. The decoration of magnetic CoFe 2 O 4 with Au nanoparticles increases kinetic rates over 5-folds relative to CoFe 2 O 4 due to the higher catalytic activity of Au nanoparticles. Catalytic conversion of 4-nitrophenol with Au/CoFe 2 O 4 in the dark reported k 1 values of 4.4 Â 10 À3 s À1 (R 2 ¼ 0.99). Meanwhile the kinetics was increased under light irradiation with k 1 values of 5.4 Â 10 À3 s À1 (R 2 ¼ 0.98). Experiments conducted under light irradiation in absence of catalyst showed null reduction, which indicates light-catalyst interaction as key element on the catalytic conversion. Enhancement of the catalytic activity under light irradiation can be associated with the formation of energetic charge carriers (hot electrons) that can be injected into 4nitrophenolate LUMO orbitals and accelerate the transformation. 38 Here, SPR-excited hot electrons can be transferred to the lowest unoccupied adsorbate state that forms an activated transient adsorbate species with weakened bonds, which facilitates the transfer of M-H from the metal surface to the 4nitrophenol adsorbate accelerating the reduction reaction towards 4-aminophenol. 38 The evaluation of the turn over frequency (TOF) shows an almost 6-fold enhancement due to LSPR from 180 h À1 in the dark up to 696 h À1 under light irradiation. Note that these values are higher than previously reported TOF of 0.7 h À1 for Au/boehmite, 39 2.5 h À1 Au NPs on mesoporous silica, 40 46 h À1 for Au nanoparticles supported on silica nanotubes, 41 116 h À1 for Au/g-C 3 N 4 , 42 or 324 h À1 Au/glass ber. 43 The high catalytic properties can be related to the homogeneous dispersion of nanoparticles that enhances the accessibility to catalytic sites of the nanostructured composite. On top of that, catalyst magnetic recovery allowed reuse in several cycles, which displayed an excellent catalyst reliability aer 10 cycles as shown in Fig. 7 .
Selective oxidation of dimethylphenylsilane
Organosilanes are widely used in polymeric synthesis, 44 antimicrobials, 45 and as nucleophilic coupling partners. 46 Organosilane manufacturing processes rely on the use of strong oxidants that yield toxic undesired sub-products. 47, 48 This section studies the catalytic activity of nanocomposite Au/ CoFe 2 O 4 as green alternative synthesis route of dimethylphenylsilanol using water and oxygen as oxidants under mild conditions (ambient temperature and 1 atm of pressure).
Null oxidation of dimethylphenylsilane was observed using pristine CoFe 2 O 4 as catalyst. However, Au NPs introduces catalytic centers for selective oxidation. However, conversion and selectivity are dependent on the solvent used as media for the catalytic transformation towards dimethylphenylsilanol. Table  1 summarizes dimethylphenylsilane oxidative conversion percentage attained aer 10 min of reaction in different solvents. The catalytic activity of the Au/CoFe 2 O 4 NPs aer addition of 100 mL of water as oxidant increases from 22% in water, to 83% in tetrahydrofuran (THF), and 96% in acetone. It is important to remark that conversion in acetone was drastically reduced to 54% when 100 mL of water was not added, being the catalytic conversion probably associated to the trace water concentration of the solvent. This behavior allows inferring the role of water as oxidant for dimethylphenylsilanol production. This is in agreement with the identication of the water oxygen as the source of the hydroxyl group addition during the selective oxidation. 49, 50 In this frame, the low conversion observed in water may be the blocking of catalytic sites by an excess of water molecules, which diminishes the effective contact between reactants on the catalyst surface. This pseudo-poisoning due to the higher affinity of water molecules with the catalyst surface hinders the extension of the reaction resulting in lower catalytic activity. Moreover, the low solubility of silane in neat water may difficult the interaction between silane and catalyst. When acetone and THF (both water-soluble solvents) are employed, the greater solubility of silane facilitates the oxidation process. Acetone was identied as preferred solvent for selective oxidation due to the high conversion percentages attained in short reaction times of 10 min and the selectivity towards dimethylphenylsilanol of 96%, notoriously superior to the 88% observed in THF.
Further analysis of catalytic conversion by GC-MS depicts the reaction kinetics of dimethylphenylsilane that attains a plateau aer 8 min of oxidative conversion on Au/CoFe 2 O 4 . Fig. 8 depicts the two main products identied as result of the catalytic reaction on the nanocomposite catalyst: (i) dimethylphenylsilanol with 96.23% selectivity, and (ii) disiloxane with 3.77% selectivity at the end of reaction. Interestingly, the time course prole of disiloxane illustrates a maximum concentration of 11.0% at 4 min of reaction that decreases down to 3.77%. This trend can be explained due to the reversibility on the formation of disiloxane that can result in the increased yield of silanol observed at the end of the reaction. 51 The effect of the Au loading in the reaction was investigated as shown in Table 2 . Lower catalytic oxidation was observed for lower contents of Au below 0.04 mol% due to the null catalytic activity of CoFe 2 O 4 discussed above. The lower activity results also in a higher accumulation of disiloxane, which decreases the desired selectivity towards dimethylphenylsilanol. Maximum conversion and selectivity was observed for 0.04 mol%, where further increases on the content of Au NPs on the nanocomposite would result in a unnecessary higher cost of catalytic material.
Even though the CoFe 2 O 4 nanoparticles have null catalytic oxidation activity, their magnetic property can provide a relevant functionality to the composite nanocatalyst. The magnetic properties of the nanocomposite catalyst allow easy and quick separation under application of a magnetic eld for catalyst reuse. Catalyst was recovered with a neodymium magnet from solution in less than 15 s, which allowed recovery for redispersion and reuse. Fig. 9 shows the highly reproducible conversion of dimethylphenylsilane aer 10 cycles with merely a slight decrease in selectivity. Reused catalyst presents higher stabilization of Au-Si bonds which increases the concentration of these adsorbed intermediates on the gold surface. 52 Higher ratio of Au-Si over adsorbed water favors the formation of siloxane over oxidation towards silanol. To overcome the preferential competitive reaction towards siloxane higher reaction times are required to enhance the reversible transformation of siloxane towards silanol. In this frame, dimethylphenylsilanol production aer 10 min of reaction decreased down to 42% in the 10 th cycle. Extending reaction time to 20 min increased dimethylphenylsilanol yield up to 90%.
Conclusion
We reported on the synthesis of nanocomposites comprised of magnetic Au/CoFe 2 O 4 NPs. The efficient deposition of Au at their surface was achieved through CoFe 2 O 4 core functionalization by silanization with APTES. The catalytic activity was evaluated for 4-nitrophenol reduction and organosilanol syntheses by selective oxidation. The Au/CoFe 2 O 4 NPs presented high catalytic activity towards the 4-nitrophenol reduction which could be enhanced under light irradiation as a result of LSPR excitation. We also evaluated the performances towards the silanol oxidation to produce dimethylphenylsilanol as product of interest for chemical industry. Our results demonstrate the role of solvent selection to increase conversion percentage and desired product yield. The magnetic properties of the catalyst allowed easy recovery and re-use. Re-dispersed catalysts reported high reliability in reagent conversion and product selectivity. Therefore, we believe that Au/CoFe 2 O 4 NPs may represent interesting materials for catalytic applications merging high performances, recovery and re-use, and enhancement of activities under solar light illumination.
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